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Introduction
Clarity of the cornea, the outermost covering of the eye, is critical for vision 1 . Both acquired and genetic factors affect corneal transparency resulting in loss of vision 1 . Topical gene delivery to the cornea offers long-lasting management of corneal disorders and restoration of vision. Recombinant viruses used as a vector for corneal gene therapy have shown high gene transfer efficiency and long-term transgene expression but posed safety and toxicity concerns [2] [3] [4] [5] [6] [7] [8] [9] . The non-viral vectors showed low immunogenicity, incorporation of large DNA, and low cost, but their utility for corneal gene therapy has been hampered by poor transfection efficiency [10] [11] [12] [13] . Thus, more efficacious non-viral vectors for ocular gene therapy are badly needed.
Advances in nanotechnology have produced scores of nanoparticles for such biomedical applications as diagnostic assays and imaging, thermal ablation, and radiotherapy [14] [15] [16] [17] . Because of their small size and large surface area, nanoparticles can readily travel into the target cells and transport big payloads of therapeutics, including DNA and antibodies inside the targeted cell/organ [18] [19] [20] [21] [22] [23] . Although recent studies have shown a high level of gene transfer mediated by nanoparticles in non-ocular tissues [24] [25] [26] , little has been done to explore the potential of nanoparticles for delivering genes in the cornea 27 .
Gold nanoparticles (GNP) have attracted much attention because of their bio-inertness, nontoxicity, ease of synthesis, and efficient condensation of DNA 28 . GNP employed as gene delivery vectors have exhibited significant transfection of reporter genes into transformed mammalian cells and subsequent gene expression 23, [29] [30] [31] [32] . However, the potential of GNP for in vivo corneal gene therapy has not been examined. Yet the cornea is an ideal target for topical GNP-mediated gene delivery due to the established gene therapy model for testing the efficacy and safety of gene therapy agents because of its immune-privileged status, ease of administering gene therapy reagents, and easy visual monitoring 2 . In addition, human cornea can be maintained in cultures for weeks to optimize parameters necessary for defining the safety and efficacy of gene delivery vectors 2 .
In the present study, we tested (i) the potential of PEI2-GNP as a gene therapy vector for the cornea using a human corneal fibroblast in vitro model, (ii) the cellular uptake and clearance of GNP using an in vivo rabbit model, and (iii) the toxicity and safety of PEI2-GNP for the rabbit cornea in vivo.
Methods

Synthesis of polyethylenimine-conjugated gold nanoparticles (PEI2-GNP)
PEI2-GNP were synthesized through conjugation of thiol-modified 2-kDa PEI to GNP as previously described 32 . Briefly, an aqueous solution containing 0.48 mmol of the thiolmodified PEI was combined with 1.43 mmol of HAuCl 4 •3H 2 O and stirred for 10 min before a drop wise addition of 71.4 mmol of NaBH 4 , followed by stirring for 24 h. The conjugates obtained were dialyzed extensively against water with a 12-kDa cutoff membrane. A portion of the obtained solution was lyophilized and analyzed for elemental content (57.8 % gold, Au/PEI molar ratio of 15). The amount of PEI in the stock solution was calculated based on the mass of the dried solid and the ratio of gold to PEI.
In vivo rabbit model
Twenty-four female New Zealand White rabbits (2.5-3.0 kg) were used in accordance with the tenets of the Association for Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research. The study was approved by the Animal Care and Use Committees of the University of Missouri-Columbia and the Harry S. Truman Memorial Veterans' Hospital (Columbia, MO). All animals received humane care in compliance with the NIH guidelines. Rabbits were anesthetized with an intramuscular injection of the ketamine hydrochloride (50 mg/kg) and xylazine hydrochloride (10 mg/kg) cocktail.
In vitro human cornea model
Donor human corneas procured from the eye bank were used in accordance to the Declaration of Helsinki for the use of human tissue. Primary human corneal fibroblasts were generated from human corneas as described previously 33 . The epithelium and endothelium of the cornea were removed with a scalpel blade, stroma was cut into small pieces and incubated in a humidified CO 2 incubator at 37°C in tissue culture flask using Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. The sprouting human corneal fibroblasts were collected and used for experiments. Sixty to seventy confluent cultures were used for experiments.
PEI2-GNP application on the rabbit cornea
The PEI2-GNP were topically applied onto the cornea using a technique developed in our laboratory. Rabbits were anesthetized and after instilling 2-3 drops of 0.5% proparacaine hydrochloride (Alcon, Fort Worth, TX) a wire lid speculum was placed in the eyelids, corneal epithelial was removed with a #64 surgical blade and dried completely with a sterile surgical sponge. Then, 100 μl of 150 mM PEI2-GNP in a phosphate buffered solution containing 10% glucose was placed topically on the cornea for 5 min using a customcloning cylinder (7 mm in diameter). The unabsorbed PEI2-GNP solution was removed and the eyes were copiously washed with BSS.
Cellular viability assay
The effect of PEI2-GNP on the cellular viability was assessed with a trypan blue exclusion assay. Briefly, the cultures at 60-70% confluence were incubated with different amounts of 150 mM PEI2-GNP solution (1.9, 2.8, 3.8, 5.6, and 6.5 μl) for 1h in a humidified CO 2 incubator. Thereafter, cultures were washed (2X), incubated for an additional 24h. The cultures were trypsinized and suspended in an equal volume of a 0.4% trypan blue solution (Invitrogen, San Diego, CA). The percent of viable and non-viable cells was determined by counting trypan blue stained cells and unstained white cells with an automated cell counter (Invitrogen).
Clinical eye exam and biomicroscopic studies
The biomicroscopy and clinical eye examination was performed with a slitlamp microscope on rabbits under general anesthesia. The eye was aligned in front of a microscope by placing a rabbit on the platform or holding in one's lap. Qualitative eye examination of the anterior segment (eyelid, sclera, conjunctiva, iris, lens, and cornea) was performed, and data on the redness, edema, and inflammation were recorded. The level of opacity (haze) in the cornea was measured with a slitlamp in a masked manner using a method reported previously 33 . Grade 0 was a completely clear cornea; grade 0.5 had a trace haze seen with a careful oblique illumination with slitlamp biomicroscopy; grade 1 had a more prominent haze not interfering with visibility of fine iris details; grade 2 had a mild obscuration of iris details; grade 3 had a moderate obscuration of the iris and lens; and grade 4 had a complete opacification of the stroma in the area of the ablation.
Tissue collection
Rabbits were euthanized with pentobarbitone (100 mg/kg) under general anesthesia. Corneas were removed with forceps and sharp Westcott scissors, embedded in liquid optimal cutting temperature compound (Sakura FineTek, Torrance, CA), snap-frozen, and maintained at −80°C. Tissue sections (7 μm) were cut and maintained at −80°C for staining.
In vivo toxicity and keratocyte apoptosis
The in vivo toxicological response of PEI2-GNP on the cornea was determined with a TUNEL assay (ApopTag; Millipore, Temecula, CA) that detects apoptosis and, to a lesser extent, necrosis. The corneal sections were fixed in acetone at −20°C for 10 min and TUNEL assay was performed following manufacturer's instructions. A rhodamineconjugated apoptotic cells (red) and DAPI-stained nuclei were viewed and photographed with a fluorescence microscope (Leica, Wetzlar, Germany) equipped with a digital SpotCam RT KE camera system (Diagnostic Instruments, Sterling Heights, MI). The tissue sections prepared from de-epithelialized rabbit cornea without application of PEI2-GNP served as a control.
Immunocytochemistry
The immunological reaction in the cornea to PEI2-GNP application was examined by performing CD11b immunostaining. The rabbit corneal sections (7 μm) were stained with CD11b primary antibody (BD Pharmingen, San Jose, CA; 1:50 dilution) for 90 min, followed by the AlexaFlour 594 anti-rat IgG secondary antibody (1:500 dilution) for 60 min. The DAPI-stained nuclei and CD11b-stained cells in tissue sections were viewed and photographed under a fluorescent microscope (Leica) equipped with a digital SpotCam RT KE camera system (Diagnostic Instruments). The rabbit corneas receiving PBS instead of PEI2-GNP were used as controls.
Silver staining
The distribution and localization of PEI2-GNP in the rabbit cornea in vivo was determined with a silver staining kit (Molecular Probes, Invitrogen) following manufacturer's protocol. The 7μm corneal sections were counterstained with silver staining solution. The resultant deposits of metallic silver around GNP were visualized using light microscopy and photographed with an oil immersion lens (Leica).
Neutron activation analysis (NAA)
Instrumental neutron activation analysis (NAA) was used to quantify the amount of gold in rabbit corneas to determine the uptake of GNP in corneal tissue. The NAA measurements were performed at the University of Missouri Research Reactor using the 411.8 keV gamma-ray from 198-Au (half-life of 2.7 days). The 198-Au was produced by the neutron capture reaction on 197-Au. For the NAA measurements, samples (rabbit corneas) were loaded in polyethylene transfer tubes in sets of nine and irradiated for 90 sec in a thermal flux density of approximately 5 × 10 13 n cm -2 s -1 . The samples were then allowed to decay for 24 to 48 h and live time counted for 20 min in a high-resolution γ-ray spectrometry system. The Au comparator standards irradiated concurrently with the samples yielded a relative specific activity of (237 ± 6) × 10 3 counts/μg of Au (n = 9) with a relative standard deviation of 2.5%.
Transmission electron microscopy (TEM)
Rabbit corneas were fixed in TEM fixative and processed at the University of Missouri Electron Microscopy Core. The 85nm ultrathin corneal sections were visualized and imaged using JEOL 1400 TEM (Tokyo, Japan).
Agarose gel retardation assay
The GNP-plasmid complexes were prepared by mixing 1 μg of plasmid DNA with various concentration of PEI2-GNP at predetermined N-to-P ratios (these ratios depict the molar ratio of nitrogen of PEI and the phosphate of DNA). The DNA:PEI2-GNP mixture was incubated at 37°C for 30 min, loaded on 1% agarose gel containing ethidium bromide, and subjected to electrophoresis with a Tris-acetate running buffer.
Transfection of human corneas in vitro
Seventy percent confluent primary cultures of human corneal fibroblasts were used for these studies. The DNA-GNP polyplexes were prepared at a N-to-P ratio of 180. Briefly, appropriate amounts of the stock solution of 150 mM PEI2-GNP in 300 μl of water were added dropwise with constant stirring to 7.5 μg of plasmid DNA (pTRUF11 expressing GFP gene) in 300 μl of 20 mM aqueous PBS containing 10% glucose. The resulting solutions were incubated at 37°C for 30 min and diluted to 7.5 ml with DMEM containing 10% FBS. Then 2.5 ml of this mixture was added to each well in a 6-well plate. The transfection mixture was removed after 6 h, and the cells were allowed to grow till they reached a 90% confluence.
Statistical analysis
The results were expressed as mean ± standard error of the mean. Statistical analysis was performed using a one-way analysis of variance (ANOVA), followed by Tukey's multiple comparisons test. A value of p < 0.05 was considered statistically significant.
Results
Effect of PEI2-GNP on cell viability and morphology
To test the potential of PEI2-GNP as ocular gene delivery vectors, we first evaluated their toxicity. Figure 1 depicts cellular viability of human corneal fibroblast cultures exposed to PEI2-GNP at the N/P ratios of 60, 90, 120, 180, and 210 (the N/P ratio is that of PEI's monomer to DNA's monomer). Only at the N/P ratio of 210 was an appreciable (13%, P < 0.01) decrease in the live cell count observed ( Figure 1) ; lower concentrations of PEI-GNP did not significantly alter the cellular viability (P > 0.05). Since the N/P ratio of 180 was the highest well tolerated dose of PEI2-GNP, it was used in all subsequent studies.
Light microscopy images were evaluated to observe any phenotypic or morphologic changes in human corneal fibroblast cultures after the application of PEI2-GNP. Figure 2 shows a representative image of DMEM-treated control and the PEI2-GNP treated cultures. Control cultures demonstrated a classic spindle-shaped morphology. The PEI2-GNP treatment caused no observable changes in morphology (Supplementary data Figure S1 ). Throughout the study period, both the control and the treated cell culture populations continued to demonstrate a healthy spindle-shaped morphology and progressed normally to confluence at about 36 h.
Effect of PEI2-GNP on cell death in the rabbit corneas in vivo
The foregoing encouraging in vitro studies prompted us to examine the toxicity of PEI2-GNP to the cornea using an in vivo rabbit model by measuring keratocyte apoptosis. Figure  2 (A-F) shows the keratocyte death detected by the TUNEL assay in control corneas and rabbit corneas exposed to a single 100-μl PEI2-GNP topical application for 5 min. A significant number of TUNEL positive cells (30 ± 7) were detected in the anterior stroma at the tested time point of 12 h. Similar level of TUNEL staining was also detected in untreated corneas subjected to epithelial scraping suggesting that most of the apoptotic cells death noted at 12 h was due to scrape injury rather than the PEI2-GNP application. At 72 h, PEI2-GNP treated corneas still showed TUNEL positive cells, whereas few, if any, TUNEL positive cells were detected in the untreated corneas. By day 7, fewer than four TUNEL positive cells were seen in the stroma of PEI2-GNP treated corneas, and this number was significantly (P < 0.01) below that observed at either 12 h or 72 h. By day 7, natural corneal healing was completed, and the TUNEL positive cells represent only normal corneal epithelial cell replenishment by apoptosis. However, the treated corneas showed fewer DAPI stained keratocyte nuclei below the regenerated epithelium compared to the control corneas suggesting that the PEI2-GNP application delays repopulation of keratocytes in the anterior stroma.
Effect of PEI2-GNP on immune response in the rabbit corneas in vivo
To test the possibility of inflammatory response due to the PEI2-GNP application, the treated rabbit corneal sections were stained for the CD11b antigen specific for activated granulocytes. As seen in Figure 2 (G,H) , a comparable number of CD11b-positive cells (10) (11) (12) (13) (14) (15) were detected in PEI2-GNP treated and untreated rabbit corneas at 12 h post application. Only 1-3 Cd11b-positive cells were detected in the treated corneas at 72 h and 7 days after the PEI2-GNP application (data not shown).
Clinical examination of PEI2-GNP treated rabbit eyes using slitlamp biomicroscopy
To test the effect of PEI2-GNP application on cornea transparency, redness, and cellular infiltration, slitlamp biomicroscopy was performed in rabbit eyes. Figure 3 shows slit-lamp images of the eyes of untreated (control) and the treated corneas at 12 h and 7 days after the PEI2-GNP application. A mild purple coloration in the cornea was noted at 12 h, suggesting the uptake of colored PEI2-GNP solution. A qualitative comparison between the control and the treated corneas revealed no significant difference in the degree of redness, edema, or cellular infiltration at either 12 h or 7 days post-application.
Total uptake of GNP in rabbit corneas in vivo was analyzed using neutron activation (NAA). The remarkably high levels of gold detected in the PEI2-GNP treated rabbit corneas (Table  1) suggest substantial uptake of GNP.
The GNP may be cleared from the cornea via multiple mechanisms, such as washing off with tears, diffusion into aqueous fluid, or clearance by leukocytes. To test the in vivo clearance, rabbit corneas were subjected to NAA at 12 h, 72 h, 7 days and 1 month after the PEI2-GNP treatment. Table 1 depicts an average gold content in rabbit corneas at the four different time points following a single PEI2-GNP application: 332, 326, 319 and 259 ppm, respectively. These results suggest that PEI2-GNP clear from the cornea in vivo slowly. Figure 4 shows the localization of GNP in the corneal stroma detected by silver staining. Following a 5-min topical application, GNPs were distributed uniformly throughout the anterior and mid-stroma in rabbit corneas.
PEI2-GNP distribution, tracking, and localization in the rabbit corneas in vivo
Prompted by the NAA and silver staining results that confirmed the uptake and presence of GNPs in rabbit cornea in vivo, we investigated the sub-cellular localization of PEI2-GNP in the corneal cells in vivo using transmission electron microscopy (TEM). As is evident from Figure 8 , PEI2-GNP was detected inside keratocytes ( Figure 5A ), as well as in the extracellular matrix of corneal stroma ( Figure 5B) . Moreover, the TEM images ( Figure 5A ) reveal GNP inside endosomes, suggesting that topical application of PEI-GNP occurs via an endocytic mechanism. This inference is in agreement with the observation that intravenous PEI-GNP polyplexes are taken up via endocytosis.
Characterization of PEI2-GNP polyplexes by gel retardation assay
The agarose gel electrophoresis of mixtures of PEI2-GNP and plasmid DNA at various N/P ratios were run (Supplementary data Figure S2 ). The PEI2-GNP completely inhibited electrophoretic migration of the plasmid at N to P ratios exceeding 4, suggesting complex formation between the positively charged PEI2-GNP and the negatively charged DNA. This complexation results in the exclusion of the ethidium bromide dye 34 , as is evident in the gel by the lack of ethidium bromide staining of DNA retained in the wells (Supplementary data Figure S2 ).
PEI2-GNP mediated gene transfer
Next we examined the ability of PEI2-GNP to transfect human corneal fibroblasts by exposing cultures to PEI2-GNP polyplexes expressing green fluorescent marker protein gene. Figure 6 demonstrates GFP expression observed in corneal fibroblasts at 12 and 36 h post-transfection. At 12 h, nearly 50% of human corneal fibroblasts showed GFP expression indicating that PEI2-GNP is an efficient carrier for delivering plasmid DNA into corneal cells. The level of GFP gene expression at 36 h was considerably higher, suggesting a timedependent increase of delivered gene expression in the cells. At 36 h, the number of GFPpositive cells remained unaltered, while the number of DAPI-stained nuclei has increased, likely due to cell division.
Discussion
The gene delivery vector plays a pivotal role for the success of gene therapy. Of the many nanoparticles available, GNP were selected for corneal gene therapy studies because of their bio-inertness and ease of conjugation to polymeric scaffolds 23, [29] [30] [31] [32] . While several researchers have demonstrated successful gene delivery with cationic polymer-conjugated GNP 23, [29] [30] [31] [32] 35 , we conjugated GNP to PEI because of the many unique properties of this polycation, including its ability to efficiently condense nucleic acids and protect them from nuclease degredation 32, 36 . In evaluating the DNA condensing ability of PEI2-GNP using gel retardation assay, we observed inhibition of plasmid migration that confirmed effective polyplex formation between it and PEI2-GNP. Additionally, in exhibiting a "proton-sponge" effect that facilitates DNA release from endocytic vesicles, PEI accepts protons pumped into endocytic vesicles during acidification leading to a further influx of protons and chloride ions and ultimately resulting in osmotic swelling and rupture of endocytic vesicles 37 . TEM data obtained in this study indeed detected ruptured endosomes inside corneal keratocytes.
The results obtained in this study also suggest that PEI2-GNP are safe and efficient gene delivery vectors for corneal cells because up to an N/P ratio of 180, they did not alter cellular phenotype or viability. At the N/P ratio of 210 showed moderate loss of cellular viability which may be due to either gold or PEI. Since PEI alone has been shown to exhibit moderate cytotoxicity 36, 38, 39 , we hypothesized that its interaction with polyanionic cellular components 32, 36 were responsible for the cytotoxic effects observed at a high N/P ratio of PEI2-GNP.
The topical route of application was chosen for the in vivo studies since it is the most convenient way of delivering drugs to the eye and it avoids pharmacokinetic challenges associated with systemic administration. Lack of edema, redness, or cellular infiltration after PEI2-GNP treatment in rabbit cornea revealed by slitlamp biomicroscopy suggests a lack of toxicity in corneal gene therapy. However, a mild to moderate keraotocyte death demonstrated by the TUNEL assay and a decrease in cellular density of keratocytes in the anterior stroma suggest that more studies are needed to identify optimal dose of PEI2-GNP for the rabbit eye. Our TUNEL staining and decreased keratocyte density observed at 72 h and 7 days after PEI2-GNP application are consistent with a report that that PEI caused activation of the mitochondrial pathway of apoptosis resulting in a delayed phase of cell death. 40 Identification of an efficient gene delivery vector for the stroma can lead to the development of gene therapy modalities for treating corneal diseases and disorders. One of the most intriguing findings of this study is the detection of GNP inside keratocytes and the extracellular matrix. The presence in keratocytes substantiates PEI2-GNP's potential use as a gene delivery vector, whereas its detection in the extracellular matrix demonstrates that GNP can serve as a vector for drug delivery.
The presence of GNPs in the eye may affect refraction and could pose unknown challenges. To address this concern, the residence time of GNP in the cornea and their clearance rate from the corneal tissue were monitored. To determine the latter, total gold content in PEI2-GNP treated rabbit corneas was analyzed and found to be progressively clearing from the cornea. Based on the rabbit's day-to-day behavioral activities and biomicroscopy studies, we deduce that GNP presence in the cornea does not impair vision, however, complete clearance of GNP from the cornea may take months. While the clearance of gold nanoparticles via renal excretion has been reported as the main route of GNP clearance 41, 42 , this route of clearance is not available to the cornea since it is an avascular tissue; furthermore, GNP were topically applied using a cloning cylinder for a short time, thus restricting GNP contact with neighboring vascular tissues. Perhaps GNP clearance in the cornea occurs through slow diffusion into tears or the aqueous humor.
In conclusion, the low toxicity, rapid uptake, and slow clearance of PEI2-GNP observed in the rabbit cornea in vivo suggest that it offers an attractive platform for delivering therapeutic genes to the cornea. Additionally, after releasing its nucleic acid cargo, the vector does not remain in the cornea but diffuses out of the tissue. Thus PEI2-GNP may offer safe and efficacious gene therapy modalities for treating corneal diseases.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Dose-dependent effect of PEI2-GNP on human corneal fibroblast viability. Cultures were exposed to five different concentrations of PEI2-GNP (N/P ratios of 60, 90, 120, 180, and 210) for 1 h, and cellular viability was quantified with a trypan blue assay. Representative images showing cytotoxicity of PEI2-GNP to the rabbit cornea in vivo evaluated with TUNEL assay (A-F) and CD11b immunocytochemistry. The GNP-untreated (A, E) and GNP-treated (B, F) corneas did not show any statistically significant difference in TUNEL positive cells (red) at 12 h or 7days. However, a significant difference in the TUNEL-positive cells in GNP-untreated (C) and GNP-treated (D) corneas was detected at 72 h. The detection of apoptosis at 12 hours in untreated control and treated corneas was due to the vector-delivery technique, which involves removal of epithelium and is known to cause transient keratocyte apoptosis. The corneal epithelium in rabbit typically regenerates completely in 48-72h. The removal of epithelium is frequently used in eye clinic to treat epithelial defects, and was found useful for defining tissue-selective gene therapy modalities for the cornea. Images G-H show immunological response of cornea to PEI2-GNP application in vivo. The GNP-untreated (G) and PEI2-GNP-treated (H) rabbit corneas subjected to CD11b immunostaining showed moderate CD11b-positive cells (red) in the anterior stroma at 12 h. Less than 3 CD11b-positive cells were detected at 72 h or 7 days (data not shown). Nuclei are stained blue with DAPI. Scale bar denotes 100 μm. Representative clinical eye examination images performed with slitlamp microscope in PEI2-GNP-treated and untreated (control) rabbit corneas at 12 h and 7 days post application. No opacity, redness or inflammation are seen. PEI2-GNP-treated corneas show mild purple coloration at 12 h confirming GNP uptake and clearing of coloration detected on day 7 suggest no GNP accumulation in the cornea. Representative images of rabbit corneal sections showing localization and distribution of GNP detected with silver staining. Stained gold nanoparticles (black) were detected throughout the stroma of PEI2-GNP-treated rabbit corneas. Scale bar denotes 20 μm. Representative transmission electron microscopy images of PEI2-GNP-treated rabbit corneas demonstrating the presence and intracellular trafficking of GNP in keratoctes (A) and extracellular matrix (B). GNP can be seen in the endosomes near the cell surface depicting their uptake by endocytosis. Ruptured endosome represents the release of GNP into the cytoplasm. Florescence microscopy images of PEI2-GNP: plasmid treated human corneal fibroblast cultures showing delivered GFP expression. The cultures were exposed to mixtures made of PEI2-GNP and plasmid expressing GFP (N/P ratio of 180). Nuclei are stained blue with DAPI; scale bar denotes 100 μm.
